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Abstract 
The effectiveness of CO2 geological storage depends on a combination of physical and geochemical trapping mechanisms. 
Over time, the physical process of residual CO2 trapping and geochemical processes of solubility trapping and mineral trapping 
increase. According to the IPCC special report, mineral trapping is believed to be comparatively slow, potentially taking a 
thousand years or longer. This paper proposes a concept of enhanced mineral trapping system of CO2 geological storage by 
means of microbially mediated processes and describes some results of related preliminary microbial experiments. 
Environmental microorganisms have influences on groundwater chemistry and mineral precipitation and dissolution, and even 
accelerate mineral precipitation processes. The research objective is to accelerate mineral trapping by microbial activities. 
Especially, biomineralization of carbonate minerals acts an important role for the enhanced mineral trapping system. It is 
expected to reduce the time scale of mineral trapping from several thousand years to several decades (human life time). It is also 
expected to play a role for sealing capability. The goal of the research project is to extract optimum bacteria to form carbonate-
forming habitats and to evaluate the possibility of bacteria-enhanced CO2 geological storage using numerical model. To develop 
the system, we plan to carry out the following four procedures; (1) looking for various kinds of carbonate-forming bacteria from 
natural samples, (2) extraction of bacteria for the condition of the system and further extraction of the bacteria with optimum 
performance of carbonate precipitation by laboratory experiments, (3) measurement the microbial kinetic parameters, such as 
specific growth rate of the bacteria by some laboratory experiments (4) performance assessment by hydro-bio-geochemical 
modeling using experimental data including microbial kinetic parameters. 
According to the research plan, we carried out literature investigation to make an inventory and preliminary laboratory 
experiments as the first step of looking for the optimum bacteria. Our target is biomineralization by moderately halophilic 
carbonate-forming bacteria, which few researchers have studied yet. Screenings of bacteria consists mainly of three steps as 
follows: 1) purchase of moderately halophilic bacteria, some of which are known carbonate-forming species, 2) selection of 
carbonate-formers from the isolated halophiles, and 3) selection of practically applicable carbonate-formers with higher 
performances. Preliminary batch culture experiments were performed with purchased different 6 species of moderately halophilic 
bacteria; Chromohalobacter marismortui, Halobacillus trueperi, Halomonas halophila, Marinobacter hydrocarbonoclasticus, 
Marinococcus halophilus, and Virgibacillus salexigens. Initial concentration of Ca2+ was set between 2.60 g/l and 2.75 g/l in the 
liquid cultures. Gradual decrease in Ca2+ concentration was observed for all microbial samples. After 98 days, Ca2+ concentration 
in the liquid culture of Mb. hydrocarbonoclasticus was 0.440 g/l. Ca2+ concentration of C. marismortui was 0.448 g/l after 189 
days. Decrease in Ca2+ concentration was also observed for other 4 microbial species, although its degree and decreasing rate 
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varied among species. Meanwhile, decrease in Ca2+ concentration was not observed in abiotic liquid culture. Chemical analysis 
by EPMA was also carried out for some microbes after the incubation, and higher peak of calcium, oxygen, carbon and minor 
magnesium were detected. These results indicate that the decrease in Ca2+ concentration was caused by microbial carbonate 
precipitation. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
CO2 geological storage security depends on a combination of physical and geochemical trapping mechanisms. 
According to the IPCC special report [1], the most effective storage in saline aquifers is initially structural and 
stratigraphic trapping. Over time, the physical process of residual CO2 trapping and geochemical processes of 
solubility trapping and mineral trapping increase. Finally, some fraction may be converted to stable carbonate 
minerals (mineral trapping), the most permanent form of geological storage. However, mineral trapping is believed 
to be comparatively slow, potentially taking a thousand years or longer [2]. From the viewpoint of storage security, 
it is important to reduce the time scale of mineral trapping. This paper proposes a concept of enhanced mineral 
trapping system of CO2 geological storage by means of microbially mediated processes and describes some results 
of related preliminary microbial experiments. 
Rocks generate no living organisms, but organisms may form rocks. The processes of biological rock formation 
are often called biomineralization, in which two major types, i.e., bio-controlled and bio-induced types, are known. 
Bio-controlled mineralization includes the formation of hard tissues such as bones, teeth and shells. In contrast, bio-
induced mineralization is not a biologically programmed process and yields mineral by-products in not-well-defined 
metabolisms by lichens, cyanobacteria and  bacteria [3]. Bacteria should be of special interest, because they are 
predominant organisms in the Earth biosphere, particularly in the deep subsurface biosphere, in terms of the 
numbers and the mass [4]. Even though only a fraction of the whole bacterial community would be relevant to 
biomineralization, their contribution could be enormous and should not be underestimated. Examples of bacterial 
minerals are goethite (FeO(OH)) by Rhodobacter sp. [5], silicates by Thermus sp. [6], phosphate and carbonate by 
Halomonas spp. [7]. 
Carbonates, mostly calcium carbonate, account for 15-20% of sedimentary rocks and serve as the largest carbon 
pool in the Earth’s crust and surface. Carbonate rocks are formed in both abiotic and biotic processes, and the latter 
includes the actions of the reef-forming corals, chalk-forming coccolithophorids, foraminiferans, stromatolite-
forming cyanobacteria, and bacteria [8]. Boquet and colleagues isolated 210 strains of carbonate-forming bacteria 
from soil, and concluded that carbonate formation is a common phenomenon for soil microorganisms [9]. 
Carbonate-formers are also present in marine sediments [10], salt lakes [11], and cave speleothem [12]. 
Mineral species of naturally occurring calcium carbonate are generally aragonite, calcite and dolomite, in which 
calcite is known to take the most stable crystal structure, although other minerals are also abiotically formed 
according to temperature, salinity, ion concentraions, etc. [13]. In contrast, bacteria often form distict mineral 
species that are different from the abiotic ones even at (apparently) the same conditions; bacteria could affect micro-
environments surrounding them [14]. On the basis of these preceding studies, we tried further characterizing the 
capability of known carbonate-forming bacteria to be applied to geological CO2 storage through microbially 
accelerated carbonate precipitation. 
2. Concept and research procedures 
The concept of the enhanced mineral trapping is to accelerate mineral trapping by microbial activities. Previously, 
methane conversion by methane-producing archaea has been studied [15]. On the other hand, our target is 
biomineralization by moderately halophilic carbonate-forming bacteria which few researchers have studied yet. 
Environmental microorganisms have influences on groundwater chemistry and mineral precipitation and dissolution, 
and even accelerate mineral precipitation processes. We expect to reduce the time scale of mineral trapping from 
several thousand years to several decades (human life time) by the enhanced mineral trapping system. It is important 
from the viewpoint of storage security. It is also expected to play a role for sealing capability. The goal of the 
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research project is to extract optimum bacteria to form carbonate-forming habitats and to evaluate the possibility of 
bacteria-enhanced CO2 geological storage using numerical model. To develop the system, we plan to carry out the 
following four procedures; (1) looking for various kinds of carbonate-forming bacteria from natural samples, (2) 
extraction of bacteria for the condition of the system and further extraction of the bacteria with optimum 
performance of carbonate precipitation by laboratory experiments, (3) measurement the performance of 
microorganisms as the microbial kinetic parameters, such as specific growth rates, half-saturation constants, yield 
coefficients of the bacteria by some laboratory experiments and hydro-bio-geochemical code (4) performance 
assessment by hydro-bio-geochemical modeling using hydro-bio-geochemical code including microbial kinetic 
parameters. In this paper we describe literature investigation to make an inventory and preliminary laboratory 
experiments as the first step of looking for the optimum bacteria. 
3. Laboratory experiments of microbial carbonate precipitation 
Our inventory yielded a list of 26 bacterial species that form carbonate precipitates are purchasable from public 
culture collections (Table 1) [7, 16, 17]. Among them, we selected the following 6 species for practically 
performable carbonate-forming experiments in terms of rate (speed): Chromohalobacter marismortui, Halobacillus 
trueperi, Halomonas halophila, Marinobacter hydrocarbonoclasticus, Marinococcus halophilus, and Virgibacillus 
(Salibacllus) salexigens. Other species may show higher performance according to culture media and conditions that 
are tuned for each possible application opportunities. 
Table 1  List of purchasable, carbonate-forming bacterial species. The bold species were selected and used for experiments in this study. 
Bacterial species Code* Bacterial species Code* 
Chromohalobacter marismortui JCM 21220 Halomonas pantelleriense  DSM 9661 
Halobacillus trueperi DSM 10404 Halomonas salina  DSM 5928 
Halobasillus halophilus DSM 2266 Halomonas subglaciescola IAM 14157 
Halomonas aquamarina IAM 12556 Halomonas variabilis  DSM 3051 
Halomonas canadinsis  DSM 6796 Halomonas venusta IAM 125547
Halomonas cupida  IAM 12552 Marinobacter hydrocarbonoclasticus DSM 8798 
Halomonas elongata DSM 742 Marinococcus halophilus JCM 2479 
Halomonas eurihalina ATCC 49336 Marinomonas communis  DSM 5604 
Halomonas halodenitrificans DSM 735 Marinomonas vaga JCM 20774 
Halomonas halophila DSM 4770 Myxococcus xanthus ATCC 2479 
Halomonas marina  IAM 14107 Pseudomonas halophila DSM 3050 
Halomonas meridiana DSM 5425 Salinivibrio costicola  DSM 11403 
Halomonas pacifica  IAM 12553 Virgibacillus (Salibacillus) salexigens DSM 11483
* ATCC, American Type Culture Collection. 
DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen 
GmbH (German Collection of Microorganisms and Cell Cultures). 
IAM Culture Collection, Institute of Applied Microbiology, University of 
Tokyo, Japan, currently part of JCM. 
JCM, Japan Collection of Microorganisms, RIKEN BioResource Center. 
The selected 6 species are characterized as moderately halophilic (salt-loving) bacteria, and were pre-cultured in 
the lysogeny broth (LB) medium added with 12% NaCl for 3 days. The grown cultures were inoculated into the 
fresh carbonate-forming medium at the cell concentration of 104 cells/mL, and the constituents of the medium was: 
1.0% yeast extract; 1.0% calcium acetate monohydrate; 0.5% bacto-peptone; 0.21% sodium bicarbonate; 0.1% D-
glucose; 2.5% sea salts; and, 0.003% phenol red with 50 mM Tris-HCl buffer at pH 9.0 [14]. Incubation temperature 
was 32oC. Micro-portions of the liquid cultures were taken every one week, diluted x1000, filtered through 0.22m-
filters for ion determination. Ion concentrations were determined using the ion chromatograph Model IA-300 (DKK-
TOA, Tokyo) with the PCI-321I and PCI-322 columns and the PCI-322 mobile phase solution at a flow rate of 0.8 
T. Naganuma et al. / Energy Procedia 4 (2011) 5079–5084 5081
4 Naganuna et al./ Energy Procedia 00 (2010) 000–000 
mL/min. Decrease in Ca2+ ion concentration was regarded to be directly related to calcium carbonate (CaCO3) 
precipitation.  
An example with Marinobacter hydrocarbonoclasticus (Figure 1) shows that inoculation of living cells yielded 
the decrease in Ca2+ concentration, while inoculation of dead cells, as well as, no inoculation reference, did not 
affect Ca2+ concentration. This example clearly indicates that the Ca2+ decrease, i.e., CaCO3 precipitation, is not 
induced by cellular materials (whether or not the cells are living) but mediated by the action of living cells. 
 
Figure 1 Decrease in Ca2+ concentration by the action of the living bacterium Marinobacter hydrocarbonoclasticus. Inoculation of dead cells of 
the same bacterium, as well as no inoculation, did not affect the Ca2+ concentration. 
All 6 species used in the experiments showed similar patterns of Ca2+ decrease over time, with variations among 
the species (Figure 2). The rates of Ca2+ decrease (i.e., slopes), the durations of the slopes, and the Ca2+ 
concentrations at the end of the slopes (i.e., bottoms or plateaus) may vary according to biological capabilities of the 
species and to incubation conditions as well. No inoculation showed slight increase in Ca2+ concentration, due to 
condensation by vaporization of the liquid medium during incubation. 
 
Figure 2 Decrease in Ca2+ concentration by the action of the 6 selected bacterial species. 
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White precipitates were accumulated on the bottoms of the incubation flasks, apparently in correlation with the 
Ca2+ decrease. The electron probe microanalysis (EPMA) indicated that the precipitates were made of CaCO3, with 
distinct peaks of Ca, C, and O atoms (Figure 3). Peaks of other elements such as Mg that might be present in 
magnesian calcite and/or dolomite were only minor. 
 
Figure 3 Scanning electron microphotograph of the carbonate precipitate formed by Marinobacter hydrocarbonoclasticus (left) and its EPMA 
profile (right). EPMA peaks show the presence of Ca, C, and O atoms and the de facto absence of Mg that might have been present in 
magnesian calcite and/or dolomite, if any. 
Like Ca2+ decrease, all the 6 tested bacterial species formed carbonate precipitates of CaCO3. However, shapes, 
textures and sizes of the precipitates showed remarkable variation among the species (Figure 4). Such variation 
should have mineralogical relevance, but may be ascribed, at least in part, to certain biological aspects. For example, 
different metabolisms would yield different carbonate minerals and crystal structure. If carbonate-forming 
metabolisms are constitutive and genetically fixed for species, we may select an appropriate species (or a mixture) 
for each applicable opportunity.  If carbonate-forming metabolisms are flexible and susceptible for environmental 
induction, we may control microbial activities by changing environmental (or geochemical) parameters. Further 
mineralogical and crystallographic characterizations of the precipitates, as well as physiological and biochemical 
dissections, are needed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4  Carbonate precipitates formed by the action of the 6 selected bacterial species. Variation in shape, texture and size of the precipitates 
among bacterial species is shown. 
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4. Conclusions 
A concept of new enhanced mineral trapping system of CO2 geological storage by means of microbially mediated 
processes was proposed and related preliminary microbial experiments were carried out. As the results of the 
experiments, it was observed that decrease in Ca2+ concentration with varied decreasing rates and remarkable 
variation of shapes, textures and sizes of the precipitates by microbial carbonate precipitation. The results indicate 
the capability of the enhanced mineral trapping system in the future. 
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